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ABSTRACT 

Low r e s o l u t i o n  u l t r a v i o l e t  spectrograms (2300 t o  3700 
Angstroms) of  Venus and J u p i t e r  have been o b t a i n e d  u s i n g  r o c k e t  
borne o b j e c t i v e  g r a t i n g  spec t rog raphs .  

The Venus spectrum, c h a r a c t e r i z e d  by a broad  a b s o r p t i o n - l i k e  
f e a t u r e  beginning  a t  3300 Angstroms and r e a c h i n g  a r e f l e c t i v i t y  

m i n i m u m  a t  2500 Angstroms, can be g iven  a t  l e a s t  t w o  c r e d i b l e  
i n t e r p r e t a t i o n s  (1)  The combined e f f e c t s  of Rayleigh s c a t t e r i n g  
f r o m  a 60 m i l l i b a r  atmosphere above a "cloud s u r f a c e "  which has  
a r e f l e c t i v i t y  d e c r e a s i n g  toward t h e  u l t r a v i o l e t  would produce 
such  a spectrum. (2)  The spectrum cou ld  a l s o  be e x p l a i n e d  by 
Rayle igh  s c a t t e r i n g  i n  an atmosphere c o n t a i n i n g  1/3 t o  1/10 

t h e  e a r t h ' s  amount of ozone, combined w i t h  wavelength independent  
r e f l e c t i v i t y  from a "cloud su r face" .  I n  t h e  second model t h e  
e f f e c t i v e  s c a t t e r i n g  p r e s s u r e  a l t i t u d e  a t  2500 Angstroms is 60 

m i l l i b a r s ,  compared t o  1 m i l l i b a r  f o r  t h e  e a r t h .  Compared t o  
t h e  e a r t h ' s  atmosphere and C02:N2 model a tmospheres ,  t h e  ozone 
maximum would be n e a r  250 m i l l i b a r s  p r e s s u r e  a l t i t u d e .  The 
c o n s t a n t  v a l u e  of r e f l e c t i v i t y  near  3500 Angstroms i n d i c a t e s  t h a t  

m i l l i b a r s ,  perhaps  ve ry  close t o  t h e  ozone maximum. The abundance 
- t h e  "cloud s u r f a c e "  would be a t  a p r e s s u r e  less than  1000 

a 

I of  ozone would s u g g e s t  a source o t h e r  t h a n  C02:N2 photochemis t ry ,  
p o s s i b l y  CO2:N2:50. 

The J u p i t e r  spec t rum i s  c o n s i s t e n t  w i t h  t h e  p h o t o e l e c t r i c  
s p e c t r a  of t h a t  p l a n e t  o b t a i n e d  by T.  P. S t e c h e r  which he 



i n t e r p r e t s  i n  terms of Rayleigh s c a t t e r i n g  from 10 k i lometer -  

atmospheres of molecular  hydrogen above a c loud  l a y e r  (Ap. - -  J . ,  
October  1965) e 
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Low r e s o l u t i o n ,  u l t r a v i o l e t  spec t rograms of Venus and 
J u p i t e r  were ob ta ined  us ing  o b j e c t i v e  g r a t i n g  spec t rog raphs  
aboard an Aerobee rocke t  (NASA 4.126 GG). The rocke t  was launched 
from White Sands Missile Range a t  10:15 UT on 22 August 1964. 

The payload reached  a maximum a l t i t u d e  of 122 k i l o m e t e r s ,  w i th  
a l l  spec t rograms be ing  o b t a i n e d  a t  a l t i t u d e s  above 90 k i l o m e t e r s ;  
h igh  enough t o  be comple te ly  f r e e  of obscu ra t ion  by t h e  e a r t h ' s  
ozone. 

The spec t rograms d e s c r i b e d  i n  t h i s  r e p o r t  cover  a wavelength 
range of 2300 t o  3700 Angstroms. They w e r e  ob ta ined  u s i n g  
o b j e c t i v e  g r a t i n g  spec t rog raphs  c o n s t r u c t e d  u s i n g  modi f ied  Nikon, 
e l e c t r i c a l l y  d r i v e n ,  35 mm cameras. The d e t a i l s  of t h e  s p e c t r o -  
graphs a r e  l i s t e d  i n  Table  1. One such  spec t rog raph  was aimed 

a t  each  p l a n e t .  An i n e r t i a l l y - r e f e r e n c e d  a t t i t u d e  c o n t r o l  system 
po in ted  t h e  spec t rog raphs .  While p o i n t i n g ,  t h e  whole rocke t  
o s c i l l a t e d  s l i g h t l y  i n  a 
t h i s  l i m i t  cycle mot ion  which produced t h e  l o w  r e s o l u t i o n  of t h e  
spec t rograms:  Venus, -35 Angstroms;  J u p i t e r ,  -50 Angstroms.  
The s p e c t r o g r a p h s  w e r e  recovered  by means of a parachute  which 
was deployed a t  about  20,000 f e e t  a l t i t u d e ,  a f t e r  a tmospher ic  
d r a g  slowed t h e  payload t o  a s a f e  speed.  

f 1/4 degree  l i m i t  c y c l e .  I t  was 

Eastman Kodak type  1-0, 35 mm f i l m  was used t o  r e c o r d  
t h e  spec t rograms of t h e  p4anets .  The r e l a t i o n s h i p  between 
photographic  d e n s i t y  and l i g h t  i n t e n s i t y  f o r  t h e  " f l i g h t "  f i l m  
was de te rmined  us ing  monochromat-ic 2537 Angstroms r a d i a t i o n  from 
a l o w  p r e s s u r e  mercury-vapor lamp. The r e l a t i v e  response  of 

t h e  s p e c t r o g r a p h s  was determined u s i n g  mercury-xenon lamps, and 
tungs t en - iod ine  lamps c a l i b r a t e d  by  t h e  Nat iona l  Bureau of S tandards .  
The s p e c t r a l  r e f l e c t i v i t y  d a t a  ob ta ined  were t o  be normalized t o  
d a t a  a v a i l a b l e  i n  t h e  l i t e r a t u r e  ob ta ined  us ing  ground based  and 

r o c k e t  borne equipment. The f i l m  was t h e r e f o r e  c a l i b r a t e d  i n  a 
i - e l a t i v e  s e n s e .  a s  opposed t o  abso lu te  photometr ic  c a l i b r a t i o n ,  
A s t u d y  of t h e  1-0 kt-rirn showed t h a t ,  f o r  r e l a t i v e  c a l i b r a t i o n ,  



.- 

r e c i p r o c i t y  f a i l u r e  of t h e  f i l m  had no e f f e c t  on t h e  response  of 
the s p e c t r o g r a p h i c  systems over  an exposure range of 10 t o  300 
seconds.  

In t h e  2000 t o  3000 Angstrom wavelecgth r e g i m ,  t he  35 liim 
s p e c t r o g r a p h s ,  u s i n g  1-0 f i l m ,  were compared t o  an o b j e c t i v e  
g r a t i n g  Schmidt system u s i n g  SC-5 f i l m .  T h e o r e t i c a l l y ,  t h e  
Schmidt system had a " f l a t "  response i n  t h a t  s p e c t r a l  reg ion .  
No s i g n i f i c a n t  d e v i a t i o n  from t h i s  " P f l a t ' q  response  by t h e  
Schmidt system was no t i ced .  

The s t a r  A Tauri was observed i n  f l i g h t  by the same 
s pec t r o g r  a ph t h a t  observed J u p i  t e r . 
of t h i s  s t a r  b y  T, P. S t e c h e r  (Personal  communication), and of 
J u p i t e r  by M r .  S t eche r  (1) have a l s o  been used i n  t h e  de t e rmina t ion  
of i n s t r u m e n t a l  response.  H e  used p h o t o e l e c t r i c  o b s e r v a t i o n s  
of a f ree- f lowing  hydrogen lamp, and c a l i b r a t e d  h i s  equipment i n  
vacuum. Comparison of S t e c h e r ' s  o b s e r v a t i o n a l  d a t a  w i t h  t h e  
spectrograms o b t a i n e d  o n  f l i g h t  4.126 GG produce t h e  b e s t  d e t e r m i n a t i o n  
of i n s t r u m e n t a l  response ,  be ing  on a f i r m e r  f o o t i n g  and a l s o  
be ing  an "in-f l i g h t P v  c a l i b r a t i o n .  The i n s t r u m e n t a l  r e l a t i v e  response  
de t e rmina t ions  a r e  p re sen ted  i n  F igure  1. 

(Figure  2) and t h e  J u p i t e r  spectrum (F igure  3) have been reproduced 
i n  terms of r e l a t i v e  i n t e n s i t y ,  uncor rec t ed  f o r  i n s t r u m e n t a l  
response .  I t  i s  noted ,  however, t h a t  t h e  s p e c t r o g r a p h s  have a 
" f l a t ' *  response between 2500 and 3000 Angstroms. The s o l a r  

spectrum presented  f o r  comparison and used t o  de termine  t h e  
r e f l e c t i v i t i e s  of t he  p l a n e t s  has  been p repa red  by John P. Hennes 
(2) from t h e  work of D e t w e i l e r ,  e t . a l .  (3); Tousey ( 4 ) ;  and 
Dunkelman and S c o l n i k  (5). The s p e c t r a l  r e s o l u t i o n  of t h e  f l i g h t  
spectrograms has  been de termined  by measurement of t h e  wid th  and 
dep th  of t h e  s o l a r  s p e c t r a l  f e a t u r e s  a t  2800 Angstroms. Zero 
o r d e r  images of s t a r s  t h a t  a f f e c t  t h e  s p e c t r a  of t h e  p l a n e t s  a r e  
noted. I n  t h e  51 second exposure on Venus, t h e  f i l q n  is v e r y  

Phot oe l e  c t r ic  observa  t i o n s  

The best microdens i tometer  t r a c e  of t h e  Venus spectrum 
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near  t h e  maximum photographic  d e n s i t y  above 3000A. The 10 
I 

I a b s o r p t i o n  f e a t u r e s  (50-100 Angstroms) i n  t h e  Venus spectrum. 

second exposure is more r e l i a b l e  i n  t h a t  s p e c t r a l  r eg ion .  Note 
t h a t  excep t  f o r  s o l a r  Fraunhofer  s t r u c t u r e ,  there a r e  no narrow 

I n  the J u p i t e r  spectrum there  is an a b s o r p t i o n  f e a t u r e  which is  
n o t i c e a b l e  a t  2600 Angstroms, there b e i n g  an absence of f e a t u r e s  
a t t r i b u t e d  t o  t h a t  p l a n e t  o therwise .  

The s p e c t r a  of t h e  p l a n e t s  a r e  i n t e r p r e t e d  and p r e s e n t e d  

i n  terms of geometr ic  r e f l e c t i v i t y ,  p ( a ) ,  and p ( a ) / i ( a ) .  These 
t e r m s  occur  i n  t h e  d e f i n i t i o n  of Bond Albedo, which is d e f i n e d  
a s  t he  r a t i o  of t h e  t o t a l  r e f l e c t e d  f l u x  t o  the  t o t a l  i n c i d e n t  

I f l u x ,  g iven  by the e q u a t i o n  

where 
a = phase ang le  = a n g l e  between sun  and e a r t h  a s  s e e n  from 

t h e  p l a n e t .  

cp(a) = phase law = change of p l a n e t a r y  b r i g h t n e s s  w i t h  a, 
a t  c o n s t a n t  d i s t a n c e  f r o m  t h e  p l a n e t ,  w i t h  cp(0) = 1, 

q = phase f a c t o r  ( a  cons t an9  = 2 cp(a) s i n  a da: a f a c t o r  
t h a t  r e p r e s e n t s  the phase law of s c a t t e r i n g  which o c c u r s  
a t  t h e  r e f l e c t i n g  s u r f a c e .  

ll 

p ( a )  = geometric r e f l e c t i v i t y  = r a t i o  of p l a n e t  b r igh tness  

t o  t h e  b r i g h t n e s s  of a p e r f e c t l y  d i f f u s i n g  c i r c u l a r  
disc of the same p o s i t i o n  and appa ren t  s ize  a s  t h e  p l a n e t .  
The incoming s o l a r  r a d i a t i o n  is  cons ide red  t o  be normal 
t o  t h e  d i s c  a t  a l l  phase a n g l e s .  (Note t h a t  a l l  terms 
a r e  a l s o  f u n c t i o n s  of wavelength so t h e  wavelength 

r e g i o n  of i n t e r e s t  must be s p e c i f i e d )  ( 6 , 7 ) .  

- 

- 

The t e r m  i ( a ) ,  the  i l l u m i n a t e d  f r a c t i o n ,  is the r a t i o  of t h e  

i l l u m i n a t e d  p o r t i o n  of the  p l ane t  t o  the p r o j e c t e d  d i s c  of t h e  

e n t i r e  p l a n e t  a s  viewed from e a r t h .  For a smooth s p h e r e ,  i ( a ) =  
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(1 e cos a), The r a t i o  p ( a ) / i ( a )  can be i n t e r p r e t e d  a s  t h e  z 
geometr ic  r e f l e c t i v i t y  of t h e  i l l u m i n a t e d  f r a c t i o n  of t h e  p l a n e t  

a s  viewed from e a r t h .  
P r i o r  t o  t h e  exper iment ,  i t  was dec ided  t o  normalize a l l  

t h e  f l i g h t  da ta  t o  match t h e  u l t r a v i o l e t  geometr ic  r e f l e c t i v i t y  
v a l u e ,  U, determined by ground based o b s e r v e r s .  A disagreement  
has  been no t i ced  w i t h  t h i s  method f o r  t h e  d a t a  concern ing  J u p i t e r .  
The f l i g h t  da ta  f o r  J u p i t e r  have been normalized a t  2700A, 
based on t h e  work of S t e c h e r  (1) and t h e  work of Boggess and 
Dunkelman ($1. This  produced a disagreement  w i t h  t h e  ground- 

based U va lue  p re sen ted  by H a r r i s  (9) .  
and Munch (10) and Glushneva ( l l ) ,  normalized t o  t h e  B wavelength 
r e f l e c t i v i t y  ( s i n c e  t h e i r  v a l u e s  do not  cor respond t o  t h e  e n t i r e  
p l a n e t )  i n d i c a t e s  t h a t  a s i m i l a r  d i screpancy  e x i s t s  f o r  ground 
based o b s e r v a t i o n s  

Recent work by Younkin 

The geometric r e f l e c t i v i t y  of J u p i t e r ,  a d j u s t e d  t o  z e r o  
phase a n g l e ,  is p resen ted  i n  F igu re  4 .  The u l t r a v i o l e t  spectrum 
of J u p i t e r  has been observed p h o t o e l e c t r i c a l l y  and ana lyzed  by 
To P. S t e c h e r  (lie The d a t a  o b t a i n e d  on t h e  p r e s e n t  r o c k e t  
f l i g h t  a r e  not s u f f i c i e n t l y  d i f f e r e n t  from StecherOs o b s e r v a t i o n s  
t o  m e r i t  a r e d i s c u s s i o n  of h i s  r e s u l t s .  Both sets  of d a t a  f o l l o w  
t h e  same t r e n d s  a s  a f u n c t i o n  of wavelength,  and b o t h  i n c l u d e  an 
a b s o r p t i o n  f e a t u r e  a t  2600 Angstroms. S t e c h e r  concludes  t h a t  t h e  
spectrum is adequate ly  e x p l a i n e d  i n  terms of Rayle igh  s c a t t e r i n g  
from approximately 10 k i lome te r  atmospheres of molecu la r  hydrogen 
above a n o n - r e f l e c t i n g  c loud  l a y e r .  

p re sen ted  i n  Figure 5. The geometr ic  r e f l e c t i v i t y  v a l u e s  have 
been normalized, a t  t h e  U wavelength t o  a v a l u e  of p(90°) = 0.09 
o r  e q u i v a l e n t l y  p(90°) / i (900)  = 0.18. 
i n  terms of p ( a ) / i ( a )  Normal iza t ion  t o  z e r o  phase a n g l e  was 
not  done f o r  t w o  main r e a s o n s :  

The r e f l e c t i v i t y  of Venus a s  a f u n c t i o n  of wavelength is  

The d a t a  a r e  ana lyzed  

1. No r e l i a b l e  photometr ic  o b s e r v a t i o n s  of Venus a r e  

a v a i l a b l e  f o r  phase a n g l e s  of less  t h a n  20°, s i n c e  f o r  
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t h e s e  l o w  a n g l e s  t h e  angular  s e p a r a t i o n  of t h e  sun  and 
Venus is ve ry  s m a l l .  

2. There a r e  marked d i f f e r e n c e s  among experimenters i n  t h e  
e x t r a p o l a t i o n  of t h e  phase law, a (a) ,  t o  zero phase 
angle .  These d i f f e r e n c e s  i n  " t h e o r e t i c a l "  t r e a t m e n t  of 
d a t a  have s e r i o u s  e f f e c t s  on t h e  f i n a l  d e t e r m i n a t i o n  
of t h e  f u n c t i o n s  ~ ( a ) ,  p ( a ) ,  and q. However, t h e  
o b s e r v a t i o n s  i n  t h e  30° a !s 150 a r e  somewhat s i m i l a r .  
For  example,  t h e  extreme d e v i a t i o n s  from t h e  mean v a l u e  

of p(a)  used i n  t h i s  r e p o r t  a r e :  

0 

I - -  

h 

v 
B 
U 

- d e v i  a t  i on$  : p ( Oo ) d e v i a t i o n s :  ~ ( 9 0 ' )  

* 28 * 16 
5 35 f 8  

f 40 f 6  
The d e v i a t i o n  a t  90° phase a n g l e  is r e p r e s e n t a t i v e  of 
expe r imen ta l  d i f f e r e n c e s .  
ang le  is r e p r e s e n t a t i v e  of t h e  same expe r imen ta l  
d i f f e r e n c e s .  The numerical  v a l u e s  of r e f l e c t i v i t y  
which app ly  t o  Venus, a s  determined b y  Knuckles,  
S in ton :  and S i n t o n  (12);  Danjon ( 1 3 ) ;  and de Vaucouleurs 

(14 ) ;  and t h e  v a l u e s  for  c e r t a i n  r e f l e c t i v i t y  models 
p r e s e n t e d  by Schonberg ( 6 ) ;  H a r r i s  ( 9 ) ;  and d e r i v e d  i n  
t h i s  paper  a r e  summarized f o r  comparison i n  Tab le  3. 

The d e v i a t i o n  a t  Oo phase 

S p e c t r a l  r e f l e c t i v i t y  v a l u e s  f o r  model atmospheres w i t h  
Rayle igh  s c a t t e r i n g  can  be e v a l u a t e d  u s i n g  t a b l e s  p repa red  by 
Coulson,  Dave, and Sekera (15) .  Graph ica l  i n t e g r a t i o n  of a 
ser ies  of p l ane  p a r a l l e l  atmospheres t angen t  t o  each  p o i n t  of a 
s p h e r i c a l  model p l a n e t  produce r e f l e c t i v i t y  v a l u e s  f o r  s p h e r i c a l  
model a tmospheres .  Models w i t h  0.0 and 0.8 p e r f e c t l y  d i f f u s e  

s u r f a c e  r e f l e c t i v i t y  have been p repa red  t o  show t h e  r e f l e c t i v i t y  
p r o p e r t i e s  of t h e  atmosphere i t s e l f ,  and t h e  i n f l u e n c e  on t h e  
r e f l e c t i v i t y  of a h i g h l y  r e f l e c t i v e  s u r f a c e  a t  t h e  bottom of t h e  
atmosphere.  These numerical  va lues  a r e  p r e s e n t e d  i n  Tab le  2 ,  i n  
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terms of p(90°)/i(900> = 2 p(90°),  and no t  i n  terms of geometric 
r e f l e c t i v i t y ,  ~ ( 9 0 ~ ) .  

s u r f a c e  p r e s s u r e ,  and r e f l e c t i v i t y  is p resen ted  i n  F igu re  6. 
Although p o s s i b l e  t o  d e r i v e  t h i s  correspondence independent ly ,  t h e  
r e l a t i o n s h i p  has been based l a r g e l y  on work done by Coulson and 

Lotman (16) f o r  model atmospheres c o n s i s t i n g  of 90% N 9% C02’ 
and 1% A. 

The correspondence be tween  wavelength,  o p t i c a l  t h i c k n e s s ,  

2’ 

The assumed composi t ion of  t h e  Venus atmosphere is based  
on t h e  i d e n t i f i c a t i o n  of C02 a b s o r p t i o n  f e a t u r e s  i n  t h e  spectrum 
of t h a t  p l a n e t ( l 7 ) .  The presence  of  Argon and n i t r o g e n  a r e  assumed 
by analogy t o  e a r t h ,  b u t  n e i t h e r  t h e y  nor  any o t h e r  compounds 
of major bu lk  composi t ion importance have been i d e n t i f i e d .  The 
most r e c e n t  i n v e s t i g a t i o n s  of Venus i n d i c a t e  t h a t  C02 is a minor 
c o n s t i t u e n t  of t h a t  p l a n e t  Os atmosphere (18) .  Unfo r tuna te ly ,  
t h e  b u l k  composi t ion of  t h e  Venus atmosphere s t i l l  cannot  be 

s t a t e d  w i t h  c e r t a i n t y .  Neve r the l e s s ,  t h e  s c a t t e r i n g  p r o p e r t i e s  
can be analyzed i n  t e r m s  o f  Rayleigh s c a t t e r i n g  because t h e  
v a r i a t i o n s  caused by i n c o r r e c t  composi t ion assumptions a r e  s m a l l .  
The s c a t t e r i n g  p r o p e r t i e s  of Nitrogen and Argon a r e  s i m i l a r ,  and 
i n  g e n e r a l  Argon is  ignored  because i t  is expec ted  t o  be such  a 
minor component of t h e  Venus atmosphere.  An atmosphere of 90% 

Nitrogen behaves almost i d e n t i c a l l y  a s  an  atmosphere of 100% 

Nitrogen.  For a molecular  atmosphere of pure C02 t h e  p r e s s u r e  
v a l u e s  de r ived  w i l l  be about  seven  t e n t h s  of  t h e  p r e s s u r e s  f o r  
t h e  90% N 2 $  9% C02’  1% Argon atmosphere used i n  t h i s  r e p o r t .  
S ince  t h e r e  is  l i t t l e  s i g n i f i c a n t  i n f l u e n c e  of  composi t ion  on t h e  
i n t e r p r e t a t i o n  p resen ted  i n  t h i s  r e p o r t ,  t h e  assumption of 90% N2, 
9% C02 and 1% A was used throughout .  

was t h a t  i t  should have been p o s s i b l e  t o  d e t e c t  ozone on Venus. 
Unfor tuna te ly ,  t h e  s p e c t r a l  i n f o r m a t i o n  o b t a i n e d  w i l l  no t  permit  
a c l e a r - c u t  i n t e r p r e t a t i o n .  There a r e  t w o  ways t h a t  t h e  Venus 

One of t h e  main c o n s i d e r a t i o n s  a t  t h e  s t a r t  of t h i s  experiment  

- 8 -  



u l t r a v i o l e t  spectrum can  be given a r easonab le  i n t e r p r e t a t i o n .  

The f irst  p o s s i b i l i t y  is t h a t  t h e  r e f l e c t i v i t y  is a combination 
of s c a t t e r i n g  from t h e  atmosphere and r e f l e c t i v i t y  from t h e  
c loud  s u r f a c e .  The second p o s s i b i l i t y  is s i m i l a r ,  excep t  t h a t  
u l t r a v i o l e t  a b s o r p t i o n  due t o  ozone is assumed. 

A. R e f l e c t i v i t y  Explained by "Cloud Surface"  Absorpt ion 
and Atmospheric S c a t t e r i n g ,  w i t h  no Absorpt ion i n  

t h e  Atmosphere 

Combination, by a d d i t i o n ,  of t h e  r e f l e c t i v i t y  v a l u e s  of 

a 60 m i l l i b a r  atmosphere ( i n t e r p o l a t e d  from F igure  6 )  and an 

assumed c loud  r e f l e c t i v i t y  spectrum, w i l l  n e a r l y  match t h e  Venus 
s p e c t r a l  d a t a .  T h i s  model r e p r e s e n t a t i o n  is g r a p h i c a l l y  
p r e s e n t e d  i n  F igu re  7 .  The c loud  composi t ion is assumed t o  be 
H 2 0 - i c e  c r y s t a l s  based on t h e  work of S t r o n g  and o t h e r s  (19, 20 ) .  

t h e r e  a r e  d i f f i c u l t i e s  which cannot  be e a s i l y  exp la ined .  The 
r e f l e c t i v i t y  dec rease  i n  t h e  u l t r a v i o l e t  cannot  be e x p l a i n e d  by 
s p e c t r a l  a b s o r p t i o n  of H20 s i n c e  t h e  a b s o r p t i o n  c o e f f i c i e n t  f o r  
H20 is s m a l l  i n  t h a t  s p e c t r a l  region. Mie s c a t t e r i n g  e f f e c t s  
caused  b y  ice "d rop le t s "  of s e l e c t e d  s izes  n e a r  and below one 
micron might account  f o r  t h e  r e f l e c t i v i t y  d e c r e a s e ,  b u t  s u c h  
" d r o p l e t "  s i ze s  a r e  r a r e  o n  e a r t h  (21,221. Even i f  r a r i t y  on 
e a r t h  is c o n s i d e r e d ,  t h e  upper a l t i t u d e  l i m i t s  of  ice c r y s t a l  
c l o u d s  would be an i d e a l  l o c a t i o n  f o r  such  v e r y  s m a l l  ice 
p a r t i c l e s .  

Although t h e  s i m p l i c i t y  of t h i s  e x p l a n a t i o n  is appea l ing ,  

The r e f l e c t i v i t y  decrease might p o s s i b l y  be e x p l a i n e d  by 

chemica l  contaminants  i n  t h e  c louds ,  b u t  a s p e c i f i c  compound 
h a s  n o t  been found t h a t  w i l l  reproduce s u c h  a c h a r a c t e r i s t i c  
spec t rum and n o t  be i d e n t i f i a b l e  e l sewhere  i n  t h e  spectrum 
of  Venus. 
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Bo R e f l e c t i v i t y  Explained by Atmospheric S c a t t e r i n g ,  
Ozone Absorp t ion?  and R e f l e c t i o n  from t h e  Cloud 

Surf ace 

Based on t h e  known a b s o r p t i o n  p r o p e r t i e s  of ozone and t h e  

c a l c u l a b l e  s c a t t e r i n g  p r o p e r t i e s  of molecular  a tmospheres ,  t h e  
u l t r a v i o l e t  spectrum of Venus can be s y n t h e s i z e d  by an 
a p p r o p r i a t e  model p l a n e t a r y  atmosphere c o n t a i n i n g  ozone. 

There is  one major assumption made i n  o r d e r  t o  proceed w i t h  
a d e s c r i p t i o n  of t h e  Venus spectrum: That  is, t h e  c loud  s u r f a c e  
must have a r e f l e c t i v i t y  t h a t  is independent  of wavelength i n  

t h e  3000 t o  3500 Angstrom r e g i o n  of t h e  spectrum. The i d e n t i f i c a t i o n  
of  H20 on Venus r e s u l t i n g  from t h e  i n f r a r e d  o b s e r v a t i o n s  o f  t h a t  

p l a n e t  by S t rong  e t . a l . ,  (19, 20 )$  l e n d s  c redence  t o  t h e  wave- 
l e n g t h  independent assumption because t h e  a b s o r p t i o n  c o e f f i c i e n t  
of H20 i n  t h e  r e q u i r e d  s p e c t r a l  r e g i o n  is  v e r y  s m a l l  and 
independent  of wave l e n g t h .  

I n  o r d e r  t o  e s t i m a t e  t h e  amount of  ozone t h a t  may be p r e s e n t  
i n  t h e  atmosphere of Venus, i t  is n e c e s s a r y  t o  de te rmine  t h e  
" e f f e c t i v e  th i ckness"  of t h e  proposed ozone l a y e r .  The i n t e g r a t i o n  
of o p t i c a l  p a t h l e n g t h  of l i g h t  i n c i d e n t  t o  and r e f l e c t e d  from 
t h e  c loud  s u r f a c e ,  f o r  a s i n g l e  t r a v e r s e ,  h a s  been c a r r i e d  o u t  
g r a p h i c a l l y  f o r  a s p h e r i c a l  s h e l l  a t  90° phase ang le .  
l a y e r  of u n i t  v e r t i c a l  t h i c k n e s s ;  t h e  ave rage  s i n g l e  t r a v e r s e  
p a t h l e n g t h  is 6.24 t i m e s  t h e  v e r t i c a l  t h i c k n e s s .  Weighing t h e  
" e f f e c t i v e  path' '  a cco rd ing  t o  t h e  r e l a t i v e  i l l u m i n a t i o n  of a 
p e r f e c t l y  d i f f u s i n g  s p h e r e  a t  90° phase a n g l e ,  t h e  p a t h l e n g t h  
becomes somewhat s h o r t e r ,  about  4 .2  t i m e s  t h e  v e r t i c a l  t h i c k n e s s .  
The d i f f e r e n c e  i n  t h e s e  t w o  p a t h l e n g t h  approximat ions  h a s  n e g l i g i b l e  
i n f l u e n c e  on i n t e r p r e t a t i o n  of a b s o r p t i o n  i n  t h e  'lwings" of t h e  
ozone band. The t o t a l  abundance of ozone was de te rmined  by 
comparing t h e  shape of t h e  Venus spec t rum t o  t h e  s h a p e s  of t h e  
a b s o r p t i o n  curves  f o r  v a r i o u s  amounts of ozone i n  t h e  3000 t o  3500 
Angstrom reg ion ,  where t h e  t o t a l  a b s o r p t i o n  is l o w  and t h e  c loud  
s u r f a c e  r e f l e c t i v i t y  is  h igh .  Ozone abundances f r o m  0.0001 t o  

For a 
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0.3 cent imeter-atmospheres  were i n v e s t i g a t e d ,  w i t h  the  best f i t  
o c c u r r i n g  f o r  0 .1  t o  0.03 cent imeter-atmospheres  of ozone. T h i s  
is 1/3 t o  1/10 of the amount of ozone found i n  the  e a r t h ' s  

atmosphere.  
I n  order t o  match t h e  r e f l e c t i v i t y  v a l u e s  f o r  Venus i n  t h e  

s p e c t r a l  r e g i o n  where ozone is t o t a l l y  abso rb ing ,  i t  is convenient  
t o  make a comparison of t h e  e a r t h ' s  atmosphere w i t h  the atmosphere 
of Venus. An e m p i r i c a l  r e l a t i o n s h i p  has  been found t o  e x i s t  
between t h e  " e f f e c t i v e  s c a t t e r i n g  p r e s s u r e "  and the t r a n s m i s s i o n  
of l i g h t  th rough ozone i n  t h e  e a r t h ' s  atmosphere.  The r e f l e c t i v i t y  
of t h e  e a r t h ' s  atmosphere can be r e p r e s e n t e d  by s c a t t e r i n g  from 
a model i n  which t h e  p r e s s u r e  is t aken  a s  t h e  p r e s s u r e - a l t i t u d e  
where l /e of t h e  incoming r a d i a t i o n ,  a t  any wavelength,  is 
absorbed by ozone (23? 24). This  r e l a t i o n s h i p  has  been a p p l i e d  
t o  Venus i n  the i n t e r p r e t a t i o n  of the d i s t r i b u t i o n  of ozone i n  
t h e  atmosphere of t h a t  p l a n e t .  The spectrum of Venus was a r b i t r a r i l y  
matched and t h e  p r e s s u r e - a l t i t u d e  co r re spond ing  t o  each  wavelength 
was n o t e d  u s i n g  t h e  p re s su re - r e f  l e c t i v i t y  correspondence p resen ted  
i n  F i g u r e  6. Based on t h e  "l/e" comparison, it is no ted  t h a t  t h e  
e f f e c t i v e  s c a t t e r i n g  l e v e l  fo r  2500-2600 Angstrom r a d i a t i o n  is 
about  60 m i l l i b a r s  fo r  Venus, compared w i t h  1 m i l l i b a r  f o r  t h e  
same s p e c t r a l  r e g i o n  i n  t h e  e a r t h ' s  atmosphere. The e f f e c t i v e  
p r e s s u r e - a l t i t u d e s  determined a t  2400-2800 Angstroms and 2300-2900 
Angstroms (symmetr ica l ly  l o c a t e d  about  t h e  ozone a b s o r p t i o n  maximum) 
i n d i c a t e  t h a t  the  ozone abundance is i n c r e a s i n g  w i t h  dep th  i n t o  
t h e  Venus atmosphere about  t w o  t i m e s  a s  f a s t  a s  the abundance 
i n c r e a s e  i n  the e a r t h ' s  atmosphere. 

Based on the work of Marmo and Warneck (25) f o r  C02:N2 model 
a tmospheres  of t h e  p l a n e t  Mars, i t  is apparent  t h a t  C02:N2 

photochemical  e q u i l i b r i u m  w i l l  n o t  produce an  ozone l a y e r  t h a t  
is so deep  i n  a p l a n e t a r y  atmosphere. An a l t e r n a t i v e  s o u r c e  
f o r  the ozone must t h e r e f o r e  be proposed. To do t h i s ,  the  

a l t i t u d e  of t h e  ozone maximum must be e s t ima ted .  I n  t h e  e a r t h ' s  
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atmosphere,  t h e  d i s t a n c e  between t h e  e f f e c t i v e  r e f l e c t i n g  l a y e r  
a t  2500-2600 Angstroms and t h e  ozone abundance maximum is about  
25 k i lome te r s ,  S ince  t h e  ozone abundance g r a d i e n t  f o r  Venus is 
about twice that  ef e a r t h ,  ziiid t h e  total abundance is less  for 
Venus t h a n  e a r t h ?  t h e  s i m i l a r  s e p a r a t i o n  d i s t a n c e  f o r  Venus is 
e s t i m a t e d  a t  10 t o  12 k i l o m e t e r s .  T h i s  a l t i t u d e  d i f f e r e n c e  
i m p l i e s  a p re s su re  of about  250 t o  300 m i l l i b a r s  f o r  t h e  ozone 
maximum, It is i n t e r e s t i n g  t o  no te  t h a t  t h i s  p re s su re -  a l t i t u d e  
cor responds  n e a r l y  to t h a t  proposed f o r  t h e  c loud  s u r f a c e  (26, 27) .  
Also,  because t h e  r e f l e c t i v i t y  of Venus is n e a r l y  wavelength 
independent  i n  t h e  3300-3700 Angstrom r e g i o n  i t  appea r s  t h a t  

t h e  c loud  s u r f a c e  is a t  a p r e s s u r e  a l t i t u d e  of l e s s  t h a n  1000 
m i l l i b a r s .  I t  does not  appear  i l l o g i c a l  t o  assume t h e r e f o r e  
t h a t  t h e r e  is a "c losevQ r e l a t i o n s h i p  between t h e  ozone maximum 
and t h e  cloud t o p s .  Although t h e  k i n e t i c  chemis t ry  of 
p roduc t ion  of ozone from H20  has  not  been e v a l u a t e d ,  such  an  
e q u i l i b r i u m  is p o s s i b l e  (28) S ince  t h e  proposed model environment 
pe rmi t s  p e n e t r a t i o n  of 1900 t o  2100 Angstrom r a d i a t i o n  t o  t h e  
c loud  ' P s u r f a @ e v P 9  and s i n c e  p h o t o d i s s o c i a t i o n  of H 2 0  is assumed t o  
account f o r  t h e  r e l a t i v e  absence of H20 from Venus, t h e  H20  
c louds  may be t h e  Source of t h e  ozone l a y e r .  

The 03/02 e q u i l i b r i u m  r a t i o  c a l c u l a t e d  by Marmo and Warneck 
(25) f o r  Mars was a p p l i e d  t o  Venus w i t h  t h e  c o n c l u s i o n  t h a t  t h e r e  
may be 50 t h e  150 cent imeter -a tmospheres  of O2 p r e s e n t  o n  Venus. 
T h i s  abundance of O2 is about  e q u a l  t o  t h e  upper l i m i t  f o r  t h a t  
molecule set by Spinrad  and Richardson (18) .  Thus,  t h e  proposed 
ozone v a l u e s  a r e  not  i n c o n s i s t e n t  w i t h  o t h e r  spec t rograms of 
Venus. 

The ozone a b s o r p t i o n  model is g r a p h i c a l l y  summarized i n  
F igu re  7. (Along wi th  t h e  no-ozone model).  Also t h e  g r a p h i c a l  
r e p r e s e n t a t i o n  of a model atmosphere w i t h  about  0.1 c e n t i m e t e r -  
atmospheres of ozone, t h e  ozone maximum b e i n g  a t  1000 m i l l i b a r s ,  
is i l l u s t r a t e d  i n  F igure  7 t o  show t h e  p r e s s u r e  e f f e c t s  i n  t h e  
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model. The r e f l e c t i v i t y  va lues  f o r  a l l  t h e  models a r e  ex tended  

t o  2000 Angstroms. I n  t h e  wavelength r e g i o n  shorter t h a n  2300 
Angstroms, it should  be poss ib l e  t o  d i s t i n g u i s h  between t h e  

v a r i o u s  models p re sen ted  i n  t h i s  paper.  
I n  r e a l i t y  the d e s c r i p t i o n  of the Venus' atmosphere w i l l  

always n e c e s s i t a t e  b a s i c  assumptions about  parameters  such  a s  
"cloud r e f l e c t i v i t y "  o r ' b u l k  chemical composition",  a s  long  
a s  o b s e r v a t i o n s  must be  made with e a r t h  based  equipment. Thus, 
the  a c t u a l  atmosphere may perhaps be approximated by a continuum 
of models chosen between t h e  ones d e s c r i b e d  i n  t h i s  r e p o r t .  The 
p resen t  models can t h e r e f o r e  be cons ide red  as l i m i t i n g  d e s c r i p t i o n s  
of t h e  u l t r a v i o l e t  spectrum of t h e  p l a n e t  Venus. 

I 
I 
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Table 1 

OBJECTIVE GRATING SPECTROGRAPHS 

Modified 35 mm Camera  

Aper ture  
E f f e c t i v e  f o c a l  l e n g t h  
G e o m e t r i c  f o c a l  r a t io  
E f f e c t i v e  f o c a l  r a t io  
Objec t ive  G r a t i n g  

1 i n e s  
spac ing  

Film format  

Film c a p a c i t y  
Transmiss  i o n  elements 

R e f l e c t i v e  elements 

Angular r e s o l u t i o n  
S p e c t r a l  r e s o l u t i o n  
Nominal d i s p e r s i o n  
Fi lm type  

S p e c t r a l  range  p o s s i b l e  
( f i l m  s e n s i t i v i t y  l i m i t s )  

S p e c t r a l  Range ( F l i g h t  4.126 GG: 
f i l m  f o r n a t  l i m i t s )  

25 mm 
90 mm 
f / 3 . 6  - T/4.0 

600/mm 
1.667 microns 
24 x 35 mm 

( f l a t  s u r f a c e )  
36 exposures  
2 s i l i c a  l e n s e s  
2 CaF2 l e n s e s  

1 diagonal  m i r r o r  
MgF2 c o a t i n g  - 0.25O - 10 A 
111 A/mm 
Eastman 1-0 
2350A t o  4500A 

2350A t o  3700A 



Table  2 

R e f l e c t i v i t y ,  p ( a ) / i ( a ) ,  pf a P,lanet wi-th a Rayleigh 
S c a t t e r i n g  Atmosphere a t  90° Phase Angle* 

I 

._ T *. I .  

~&ina-l  o p t i c a l  - P e r f e c t l y  Di f fuse  Sur face  R e f l e c t i v i t y  - 

0 .o 0.8 Thickness  

0 .oO(a) 
0.02 
0.05 
0.10 

0.15 
0 -25  
0.50 

1.00(b)  
2 .00(b)  

3.00(b) 
4.00(b) 
5.00(b) 
Inf  i n i t e ( a )  

0.000 
0 e 008 

0.020 
0.035 
0.044 

0.070 

0.115 
0.175 
0.23 
0 .26  
0.27 
0 .28  
0.31 

* based on t h e  work of Coulson,  Dave, an( 
( a )  based on t h e  work of H a r r i s .  (9) 

(b)  i n t e r p o l a t e d .  

0.339 
0.34 

0.32 

0 .31  

Se,era (15) 
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